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I Basic physiology
The lungs and the chest wall are elastic but their natural shapes are different. Functional residual capacity (FRC) is the lung volume at which the balance between the natural tendency of the lung to retract and that of the rib cage to expand occurs. The FRC is also determined by the effect of gravity and will vary depending on position. At rest the end-expiratory pressure gradient across the lung (transpulmonary pressure, Ptp) is numerically equal, but opposite in sign, to that across the chest wall (transmural pressure, Ptm) (Figure la ). In the supine posture, in which FRC is reduced by 20-25%, ] inspiratory tone is present in various muscles acting on the rib cage, particularly the scalene, sternomastoid, and parasternal intercostal muscles. It has been suggested that the diaphragm also has inspiratory tone. 2 The purpose of the inspiratory tone is to maintain the abdominal contents within the abdomen 2 and this tonic activity effectively increases FRC by about 0.4 to 0.8 L. Indeed, partial curarization of supine subjects results in a decrease in FRC of about 0.8 L, with a proportionate reduction of chest wall compliance. 3 There are regional differences in all aspects of lung function due to surface forces which arise from the adaptation of structures of different natural shapes. These surface forces result in the creation of the vertical gradient of pleural surface pressure of approximately 0.25 cm H20-cm -~. The magnitude of pleural pressure (Ppl) reflects the degree of regional expansion or retraction of the lung within the chest wall. The shape of the chest wall, consisting of the rib cage and the diaphragm, is determined by the structural rigidity of the rib cage and by the effects of gravity, particularly the gravitational pull on the abdominal contents and on the diaphragm. For these reasons, the uppermost lung units are the most distended units at resting lung volume and expand the least when large breaths are taken. They are in the sones where Ppl is most subatmospheric (negative). The opposite holds true for basal units, i.e., they are the smallest at rest but can expant the most. In these lung zones Ppl is the least negative, or even positive.
Airways resistance (Raw) increases as lung volume decreases. 4 Thus, at or below FRC, there is a disproportionate increase in Raw with reductions in lung volume (Figure I b) . The largest contribution to total Raw comes from medium sized airways, while the terminal airways offer the least resistance due to their very large total cross-sectional area. Other factors which influence Raw are bronchomotor tone and the density and viscosity of inspired gases. Dynamic compression of airways occurs at mid-and low-lung volumes, limiting expiratory flow rate, and is exaggerated by increased Raw. Airways resistance increases by approximately 40% and compliance decreases by about 20-25% upon assuming the supine posture/ Terminal airways, which are devoid of cartilagenous support, do nol contribute significantly to overall Raw. But airways in dependent lung zones can close if there is loss of pulmonary elastic recoil or if Ppl becomes positive. This occurs with aging and obesity. 6 The magnitude of airway closure is expressed as Closing Capacity (CC), which gains clinical importance if CC is greater than FRC.~ The CC reflects complete and intermittent airway closure and is not changed in the supine position, while FRC is reduced.' Airway closure increases the tendency to trap gas behind closed airways 7 and the alveolar-arterial oxygen tension gradient [P(A-a)O2] is directly related to CC/FRC. ]
The distribution of inspired gases is not even throughout the lung in all body positions. The preferential distribution to dependant lung units is determined, for the same applied pressure, by regional compliance and airway resistancefl The distribution of blood to the lungs is primarily determined by the effects of gravity. The interaction of the factors determining the spatial distribution of gases and blood results in the t.ypical pattern of very high ventilation to perfusion ~/A/Q ratios in upper lung zones, with progressively lower ratios further down the lung.
The chest wall consists of two components: the rib cage and the abdomen:diaphragm. The two components act as a mechanical couple. In the supine position, the coupling is less effective and the mechanical advantage of the diaphragm is greatly reduced. For that reason strong phasic inspiratory intercostal activity is essential. This activity is also present in the parasternal region 9 and probably in the diaphragm also 2 and serves to reduce that loss. Tonic activity is essential to maintain optimal fibre length between phasic contractions. Intercostal muscles have a rich supply of muscle spindles in order to regulate tonic and phasic activity. These spindles receive segmental and suprasegmentai inputs and their adequate function requires spatial and temporal summation of these inputs. The physiology of the chest wall has been recently reviewed, i0 Functional residual capacity, in the erect subject, is determined by height and is minimally influenced by age. In supine patients, FRC is mainly determined by height, but relative obesity has an adverse effect. Data from several sources are given in Figure 2 .
II FRC during anaesthesia and surgery

A Magnitude and features of reduced FRC (Figure 3)
The FRC is reduced by approximately 20% (0.5 to 0.7 L) during anaesthesia induced with thiopentone and maintained by inhalational agents, iv narcotics or barbiturates 11-23'26-3~ (Figure 3a) , irrespective of whether breathing is controlled or spontaneous. There is no significant change on changing from spontaneous to controlled ventilation. An initial reduction of approximately 200 ml occurs during the injection of thiopentone, coincident 20 with the loss of consciousness. With ketamine, however, no change in FRC occurs in either adults, 24 reduction, whereas FRC will be reduced by about 20% if methohexitone induction is followed by tracheal intubadon, 27 particularly if coughing occurs during intubation. 27 The magnitude of reduction varies considerably and is primarily determined by body build, t J-~,~ In the morbidly obese, FRC can be as low as 50% of awake values. 26 Another major predictor of the magnitude of change is the severity of chronic airways disease expressed as FEVt/ FVC. 13 Such patients have a lower FRC than predicted on the basis of body build ( Figure 3b ).
During anaesthesia for peripheral surgery, FRC is not influenced further by depth or duration of anaesthesia, manually delivered big breaths ("sighs") or by the inspired oxygen concentration. 1 i. ~2
The reduction in FRC can be partially reversed by continuous positive airway pressure (CPAP) or by positive end-expiratory pressure (PEEP) 32 and by a 30 ~ head-up tilt. 33 Positioning anaesthetized normal subjects in the sitting position partially restores FRC. 34 During abdominal or thoracic operations, FRC increases transiently when the cavity is opened. 26"35 However, during the surgical procedure, FRC is decreased and returns to post-induction levels at the end of the procedure. Indeed, pulmonary gas exchange which is impaired following induction of anaesthesia, 36-38 deteriorates during laparotomy 38 but not during peripheral surgery. 37 This difference probably is explained by the effect of surgical influences (packs, retractors, etc.) on FRC.
B Mechanisms of reduced FRC
Three possible mechanisms have been proposed to explain the reduction in FRC.
(a) Decreased chest wall recoil The data strongly suggest that the most likely mechanism, coincident with loss of consciousness, is the immediate loss of inspiratory muscle tone, resulting in a loss of outward elastic recoil of the chest wall. The chest wall assumes a more expiratory position. Thus, Ptm changes, with a simultaneous change in Ptp in order to establish a new FRC (Figure 4 ). This proposed mechanism is supported by the following observations. Partial neuromuscular blockade in awake, supine subjects results in a markedly reduced FRC. 3 Inspiratory muscle tone of the diaphragm, 2 sternomastoid, scalene, and the parasternal intercostal muscles 39 is lost during induction of anaesthesia. The change in the end-expiratory position of the rib cage and abdomen during the injection of thiopentone is consistent with a loss of lung volume and cephalad displacement of the diaphragm,4~ secondary to the loss of inspiratory muscle tone. The cephalad displacement of the diaphragm, which particularly affects the dorsal position of that muscle, al is variable 42 and is in the order of 1.9 • 0.5 cm. 29 This change in position alters the diameters of the rib cage. There is an increase in the lateral and a decrease in the antero-posterior external diameters. 44 The chest wall takes a more expiratory position (closer to residual volume) without necessarily a change in the compliance slope (Ccw). However, transmural pressure (PTM) changes. Transpulmonary pressure (PTP) must, therefore, also change by an identical amount but in the opposite direction. These changes will mainly affect lower lung units (which are smaller at rest). Lung compliance (CL) will, as a result, decrease, as is evident from the change in slope.
diameters of the rib cage, 29-39 particularly those of the upper portion, 46 are reduced. The magnitude of reduction in internal diameters is directly proportional to the degree of obesity. 47 The resulting change in cross-sectional area has been calculated to be equal to a loss in volume of 170 ---140 ml in one report 4s and an average of 300 ml in another. 29 A reduction in tone of the diaphragm or of the muscles acting on the ventilatory pump will lead to a reduction in intragastric pressure (PGA) in lean patients. The average change in PGA immediately following induction of anaesthesia is -40 Pa. 4s Obese patients, however, have relatively more inspiratory tone when awake. The loss of that tone during anaesthesia will increase abdominal and, hence, gastric pressure in obese patients. 4s
It is still not clear whether the changes in diaphragmatic postion are a direct effect of the anaesthetic state or a result of the effects of anaesthesia on the rib cage and abdominal muscles. The study of the physiology of the diaphragm, the rib cage and abdominal muscles and the interpretation of the results of such studies is difficult, 49 particularly since the diaphragm may, in fact, be two muscles. 50 (b) Increased lung recoil An alternative explanation for the changes in FRC is that the change is due to an increase in recoil pressure of the lung. This is unlikely for two reasons. These changes occur rapidly during induction of anaesthesia. Pulmonary recoil pressure measured during anaesthesia suggests that the increase in lung recoil is secondary to change in chest wall recoil. 18 Also, the observations on PGA favour an effect on the chest wall. However, absorption atelectasis may occur when breathing oxygen-enriched gases at low lung, possibly causing further reductions. Increased lung recoil is, therefore, the result rather than the cause of decreased FRC.
(c) Increased abdominal pressure This can displace the diaphragm in a cranial direction, reducing FRC, and is the result of either increased expiratory activity or increased blood volume.
Increased abdominal pressure due to clinically evident expiratory muscle activity has been noted during halothane or narcotic anaesthesia, and could, theoretically, further reduce FRC. 5~'52 However, muscle paralysis, which abolishes this activity, does not restore FRC. t~ , 18, 20 An increase in abdominal blood volume, which can displace the diaphragm cranially, has been suggested as the cause of reduced FRC. 53 A small ( 150 ml) reduction in the volume of the four limbs occurs during thiopentoneneuroleptanaesthesia but not during inhalational or regional anaesthesia. This volume, presumably blood, may be added to the central circulation. 54 Subsequently, the same investigators noted a 300 ml reduction in thoracic blood volume during halothane anaesthesia, 29 in contrast to an increase (about 250 ml) in thoracic blood volume during fentanyl anaesthesia. 46 The preliminary results of compartmental blood volume determinations using radio isotopes during halothane anaesthesia indicate that no change in thoracic blood volume occurs. 55 In conclusion, FRC is reduced principally and primarily by reduced inspiratory muscle tone. An additional mechanism is gas trapping behind closed airways. The FRC will be significantly reduced following tracheal intubation, especially if the latter causes protracted coughing. 37 This suggests that tracheal intubation, which causes a reflex increase in airways resistance in spite of very thorough topical anaesthesia, 56 may further reduce FRC by trapping gas behind closed airways. There is clear evidence that a variable amount of gas is trapped. ~2.,~4 The volume of trapped gas ranges from 2 to 5.8% of total lung capacity ( 120-350 ml). ~2
C Consequences of reduced FRC
INTRAOPERATIVE PULMONARY MECHANICS
The decrease in chest wall elastic recoil results in an increase of lung recoil pressure (i.e., decreased compliance) and the establishment of the new FRC. ~s.2~ During anaesthesia, lung compliance is reduced by approximately 20% and has many of the features of reduced FRC. Thus, the reduction in compliance is more in obese patients, 3~'57 and is directly related to the magnitude of reduced FRC. 18 Compliance is not affected by large breaths, Is time, 58 or by muscle relaxants. 18,59 Patients with reduced vital capacity before surgery will have lower compliances than normal patients during anaesthesia. 59.60 Although the principal cause of decreased compliance is the decreased chest wall recoil pressure, absorption atelectasis and altered surfactant activity during anaesthesia may occur.
Airways resistance is inversely related to lung volume and one should expect, therefore, that Raw should be increased during anaesthesia. 6t Measured values reflect the balance of the influence of reduced lung volume, the tracheal tube resistance 59'6~ and that due to reflex peripheral airway constriction 56 on the one hand, and the dose-related bronchodilatory effect of the inhalational agent on the other. 6z Indeed, the flow resistance of the tracheobronchial tree alone in young healthy patients with normal body build during anaesthesia is the same as that in awake subjects. 59'6~ But that does not hold true in obese patients and those with low FEV~/VC ratios. Expired minute volume during clinical halothane 63 and enflurane ~ anaesthesia with spontaneous ventilation is less in patients with low FEV~. This is believed to be due to the higher airways resistance in patients with low FEV~. Patients with chronic airways disease have a lesser response to a CO2 challenge during anaesthesia than normal, presumably due to the expected reduction in FRC and increased airways resistance. 63'64 Thus, the breathing pattern of patients with low FEV~/VC ratios, and the obese, is "loaded."
The changes in FRC and lung mechanics are regionally distributed and will be more pronounced in basal lung units. Furthermore, the effects of regional changes in FRC will be greater than can be estimated from a knowledge of overall FRC. am
The position and shape of the larynx change after induction of anaesthesia. 65 The larynx is moved anteriorly and is elongated due to the anterior displacement of the epiglottis and hyoid bone with longitudinal stretching of the larynx. These changes are believed to be caused by the loss of tone of upper airway muscles and by the changes in lung elasticity. These changes, which coincide with and have the same mechanism as that of reduced FRC, may make laryngoscopy difficult. The length of the trachea is increased, presumably due to the changes in pulmonary elasticity. These changes, particularly in the obese, may make intubation very difficult or impossible.
2 INTRAOPERATIVE HYPOXAEMIA AND FRC Arterial oxygenation during general anaesthesia is usually impaired. A major mechanism is the creation or increase in areas with zero or low ventilation:perfusion (~/A/0). Historically, the first suggestion that these changes in arterial oxygenation were due to reduced FRC was made in 1959. 66 This proposal has been supported by the relationship between the magnitude of change in FRC and arterial hypoxaemia during general anaesthesia with both spontaneous and controlled ventilation. ~3.15.27 The extent of change in shunt and low ~/A/Q condition can be seen by examining markedly larger than the increase (about 45-50%) noted in patients with COPD. The mechanism is believed to be the combined effects of atelectasis, airway closure and pulmonary mechanics affecting the matching of ventilation to perfusion. Each of these will be examined separately. The influence of other determinants of enlarged P(A-a)O2 (Table I) will not be discussed.
(a) Atelectasis The proposal that both lung compliance and P(A-a)O2 are progressively reduced during anaesthesia, secondary to sub-radiological microatelectasis 67 was seriously challenged by many investigators 68 and it is now accepted that the initial reduction in both measurements remains constant during anaesthesia. It is possible that radiologically undetectable atelectasis might occur. This was extensive- 69 Further investigation showed that these areas are due to the anaesthetic state because they occur with both inhalationa169-71 and narcotic anaesthesia. 71 Also, they occur with spontaneous and with controlled ventilation. 7n The densities persist in 90% of patients for one hour after anaesthesia and in 50% for 24 hr. 7u The densities were subsequently shown to be atelectatic areas rather than a result of fluid accumulation. 72 They are presumably caused by the changes in the chest wall that occur during induction of anaesthesia and can, therefore, be termed "compression atelectasis" because they occur in lung zones in direct contact with the areas of the chest wall which undergo changes during induction. Since their peffusion persists, 72 they increase 0s/Qr. Although relatively small, the extent has significant correlations with the magnitude of intraoperative shunt (Qs/0T) and the impairment of P(A-a)O2 . 73 The application of PEEP does decrease the extent of the atelectasis, but oxygenation is not improved. 69 '74 Atelectatic areas do not appear under two conditions: during ketamine anaesthesia with spontaneous breathing 75 and in patients with severe COPD. 76 The FRC is not changed during ketamine anaesthesia 24 with spontaneous breathing but is reduced during ketarnine anaesthesia with controlled ventilation following pancuronium neuromuscular blockade. 75 In this instance, shunt is related to the extent of the atelectasis (Table I1 ). It is probable that pancuronium abolishes inspiratory tone, leading to FRC reduction and atelectasis. Functional residual capacity is markedly reduced in patients with severe COPD, 13 in whom extensive shunting and ~'A/Q mismatching during nitrous oxide:oxygen anaesthesia occur. 36 However, atelectatic areas do not appear in the majority (80%) of COPD patients during enflurane:Oxygen-enriched air anaesthesia, 76 nor is there an increased shunt or a change in intrathoracic volume (as assessed by CT scanning), suggesting no change in FRC. 76 The enlarged P(A-a)O2 is mainly due to very low ~/A/Q without any significant change with time. These observations suggest two things: first, severe COPD protects the lung from developing atelectasis during anaesthesia, if nitrous oxide is avoided; secondly, the expected reduction of FRC in patients with COPD is, to a marked degree, due to gas trapping behind closed airways, since the dimensions of the thoracic cage do not change. Age, sex, and smoking history of individual patients are not determinants of the surface areas of the atelectatic zones. The surface areas, however, are determined by the degree of obesity and by the general shape of the thorax, expressed as the ratio of the square root of the transverse thoracic area/lung height. 77 This mathematical expression is based on the fact that the general shape of the chest is approximately a truncated cone.
(b) Airway closure Airway closure becomes clinically important when CC exceeds FRC. The earliest studies of airway closure in surgical patients examined the influence of surgical position. Whenever adopting the supine position placed CC above FRC ICC/FRC > i.0], venous admixture increases and gas trapping occurs. 1.7 Subsequent studies found that when intraoperative FRC or FRC plus tidal volume were less than preoperative CC, significant gas trapping and enlargement of P(A-a)O2 occurred, t2. 16 The influence of CC on gas trapping and oxygenation as reported in these four studies is more clearly defined by classifying patients on the basis of the numeric value of CC/FRC (Table Ill) . If control CC/FRC was less than 1.00, then the percentage increase in gas trapping 7' ~2 was minimal and P(A-a)O2 was decreased. I Also reducing tidal volume from I0 to 5 ml-kg -I did not markedly influence P(A-a)O2. t6 If control CC/FRC was !.0 to 1.25, P(A-a)O2 and gas trapping were markedly increased in the supine position ~'7 and during anaesthesia. 12 In this class of patients, reducing tidal volume from I0 to 5 ml.kg -~ significantly increased P(A-a)O2. If CC/FRC >1.25, posture, anaesthesia and tidal volume did not have a marked influence on gas trapping or P(A-a)Oz. It is as if maximally compromised patients have a compensatory mechanism, such as collateral ventilation or facilitated recruitment. A definite compensatory mechanism has not been demonstrated. Patients with severe COPD have extensive airway closure. It was noted above that such patients did not develop atelectasis if nitrous oxide was not used. A number of studies reported that intraoperative P(A-a)O2 had a statistically significant correlation with CC/FRC or CC-FRC, 21"3~ strongly suggesting a cause:effect relationship. But the coefficients of correlation reported in these references (0.46, 0.53, and 0.52 respectively) indicated that other factors also influenced intraoperative P(A-a)O2 and that the numeric value of the latter could not be adequately predicted from a knowledge of CC/FRC. Arterial PO2 during anaesthesia with spontaneous ventilation in a number of studies was found to decrease with age, 6 which increases airway closure. The lung volume during anaesthesia at which shunting begins is related to preoperative CC. True shunting occurs when intraoperative FRC equals preoperative CC, or preoperative CC/intraoperative FRC equals 1.02s ( Figure  6 ). The rate of increased (~s/QT with progressively smaller intraoperative FRC's is significantly more in the obese and in heavy smokers. 2s These observations support the hypothesis that a major cause of enlarged intraoperative P(A-a)O2 is regional lung volume reduction associated with an FRC decrease to less than CC. Gas trapping increases exponentially with increasing CC/FRC ( Figure 6 ). Breathing at lung volumes between CC and residual volume (RV) increases airway closure and its effects on gas exchange, 79 particularly with oxygenenriched gases, s~
The application of positive end expiratory pressure (PEEP) to increase FRC and to reduce P(A-a)O2 during anaesthesia has limited benefit, 3~
although PEEP increases FRC and reduces atelectasis. 3~176 That is because the pressure applied will preferentially affect upper lung zones, whereas airway closure and reduced FRC predominantly affect dependent lung zones. Also, since Ppl, and, hence, transpulmonary pressure (Ptp) is greater in dependent lung zones, the critical opening pressure is approximately 0.6 kPa. sl PEEP may also have deleterious effects on cardiac output and pulmonary perfusion, causing further vA/Q mismatching, s~ The alternative to PEEP is large (10-12 ml'kg -t) tidal volumes which have been shown to counteract the effects of airway closure 16 and to be as effective as PEEP s2 in restoring FRC.
It is not clear whether CC is changed during anaesthesia. The results of measurements of CC by the foreign gas technique (which is the appropriate method) are not in agreement. One study reports that CC and FRC are reduced to almost the same degree, 23 while another found no change in CC during anaesthesia, 22 confirming the same authors' previous results 2~'3~ using the resident gas method. The reason for the difference in results is not clear.
(c) Low VA/Q zones This comprises lung zones without compression atelectasis or complete airway closure but which have inordinately low ventilation relative to perfusion. The distribution of gases is primarily determined by the interaction of the admitting forces (i.e., chest wall expansion) and regional impedance (to all practical purposes, airways resistance and compliance). Regional impedance is a function of regional FRC. It is impossible to quantify the local effects of regional reductions in FRC in creating lung zones with very low ~'A/Q, but such an effect can be graphically visualized. The graphic representation of virtually continuous ~'^/Q ratios versus either perfusion or ventilation is normally bell-shaped as shown in Figure 7a . Any abrupt change in the distribution of ventilation (airway closure) will change the shape of the perfusion curve to a bimodal pattern with the appearance of a shelf (Figure 7b ). The FRC, shunt and low ~/A/(~ areas do not change to any marked degree upon changing from spontaneous to controlled ventilation. 74.8~ Immediately following laparotomy 26 or thoracotomy, 35 but before actual surgery, FRC increases. In sharp contrast, FRC does not change during peripheral surgery, i i During abdominal surgery, shunt increases while low ~'A/Q decreases. This reflects the effects of surgical manipulations (packs, retractors, etc.). During thoracotomy, coincident with reduced FRC, PaO2 decreases a5 and the general shape of expired CO2 curves undergoes changes compatible with increased impedance and reduced FRC. 83 
Summary
Recent technological advances have shown that the intraoperative increase of P(A-a)O2 is due to the creation or increase in shunt in areas of low vA/Q. These are due to reduced FRC. Arterial PO2 can be increased by large tidal volumes but not by PEEP. lntraoperative shunt is greater in patients with pre-existing low PaO2. But the percentage increase is larger in healthy subjects. Intraabdominal and intrathoracic operations increase shunting, presumably by reducing FRC further.
III Postoperative pulmonary dysfunction and FRC
Postoperative hypoxaemia, atelectasis and pneumonia are of particular concern due to their contribution to postoperative morbidity and mortality after major surgery. Reduced FRC is important in the production of all three. Postoperative recovery of lung function has been extensively reviewed s4 and the following section will review more recently published information.
A Postoperative hypoxaemia
The inverse relationship between PaO2 and age is markedly accentuated following surgery. 85 Postoperative hypoxaemia increases in the obese. 86 The pattern of "guarded" breathing with shallow, rapid breaths, which promotes atelectasis, leads to inefficient gas exchange. Postoperative hypoxaemia is an important result of airway closure. 87 The CC is reduced after surgery but proportionately less than the FRC, augmenting the effects of airway closure. 87 There is a very significant relationship between CC/FRC and postoperative PaO2. 87 Factors other than VA/(~ mismatching which cause postoperative hypoxaemia are reduced mixed venous oxygen content and increased oxygen consumption.
Maximum reduction in PaO2 occurs during the first 48-72 hr, during which unexpected myocardial ischaemia may occur, suggesting a causal relationship. Arterial desaturation occurs normally during natural sleep. The frequency and severity of desaturation increase following surgery 88 and explain the disorientation frequently noted, particularly in the aged. Narcotic analgesics increase the degree of desaturation, which are possibly due to further, transient reductions in the FRC. The degree of postoperative hypoxaemia has been used as 
B Pulmonary defense mechanisms
The pathogenesis of atelectasis and pneumonia includes a number of factors which promote the retention of secretions (Table IV) . Two particular aspects of pulmonary defense mechanisms, coughing and removal of particulate matter, are adversely affected by the changes in lung mechanics and breathing pattern. Vital capacity, which is critical for effective coughing, is reduced very shortly after surgery by as much as 40 or 50% of preoperative values. 84 Gradual restoration over the next few days is usual. Removal of secretions and particulate matter also becomes inefficient following surgery, probably as a result of the restrictive breathing pattern. Radio-opaque material inhaled after surgery will initially move towards the trachea for eventual expectoration. Later, the direction of flow is reversed with, in some cases, the appearance of radiological atelectasis. 89 This directional change in mucociliary flow occurs particularly in the lung zones immediately above the operative site. The time of onset of this regional change in mucociliary flow and its duration parallel the changes in the FRC.
C Breathing pattern and lung mechanics
Following abdominal surgery, breathing is restricted with shallow, rapid breaths. The shift from mainly abdominal to rib-cage breathing is due to the loss of the diaphragmatic contribution to tidal volume. 9~ Compliance and vital capacity are markedly reduced. The reduction in VC precedes that of FRC. s4 The FRC is reduced soon, but not immediately, after upper abdominal surgery to about 70-80% of preoperative values, 91 although atelectatic areas can be found immediately following surgery. 7I Reduced FRC after surgery is not related to that found during anaesthesia. 84 Gradual restoration of lung function begins on the second or third postoperative day. Full recovery takes a few days longer, even after the resumption of gastro-intestinal function. The method of postoperative analgesia (systemic or epidural analgesia) does not alter this pattern. 92 
D Mechanism of reduced FRC and VC
The reductions in FRC and VC are principally due to CANADIAN JOURNAl. OF ANAESTHESIA incisional pain and to reflex diaphragmatic dysfunction. Other factors include the result of shallow breathing, the absence of spontaneous sighs and the mechanical disruption of the thorax or abdomen.
Adequate pain relief by epidural analgesia, which alone has no detrimental effect on FRC, VC or gas exchange, 93 brings about a small increase in FRC 94 and a transient restoration of about 30% of the loss in VC. 94"95 Thus, somatic pain particularly affects VC more so than FRC, and accounts for only about 30% of the reduction in VC and FRC. Reflex inhibition of diaphragmatic activity has been suspected of being a major cause of reduced FRC and VC and the altered breathing pattern. A number of authors have reported alterations and irregularities of breathing pattern following stimulation of splanchnic and visceral efferents. Local irritation, bowel distension and pneumoperitoneum are particularly potent inhibitors. Quantitative proof of diaphragmatic dysfunction was furnished by measuring the pressures generated during breathing. Gastric pressure (PGA) increases during breathing and is an estimate of diaphragmatic contractility. The contractility of the rib cage is measured by the decrease in Ppl. This supposes that each system acts alone. The difference (PGA-Pr'L) is transdiaphragmatic pressure (PDI) which takes both systems into account. During the week following operation, intrapleural pressure does not change,96'97 while PGA is maximally reduced for two days with gradual restoration over a week. 96 '97 The changes in maximal transdiaphragmatic pressure (Pol .... ) follow the same pattern as PGA (Figure 8 ). The volumetrically determined diaphragmatic contribution to breathing 9s also follows the same pattern. These changes parallel the changes in FRC, suggesting that they are causative, presumably by reflex inhibition of the ventilatory pump due to splanchnic and peritoneal irritation. Direct stimulation of the phrenic nerves restores normal diaphragmatic movement-proof that the dysfunction is reflex.99 Epidural fentany197 does not affect PGA (Figure 8 ) in contrast to epidural bupivacaine.l~176 This suggests that the reflex is not due to incisional pain and that local anaesthetics may break the reflex by their sympatholytic effect. This reported difference requires confirmation and further study. Epidural morphine does not change the breathing pattern, lOt The pathway for this reflex is not known and may be sympathetic or vagal.
The incidence of postoperative pulmonary complications is increased by extensive manipulation of the abdominal viscera, fluid collections, naso-gastric tubes, drains, sepsis and wound infections. These factors, presumably, further inhibit diaphragmatic contraction. An alternative explanation of the changes in PGA is the activity of abdominal wall muscles after surgery, l~ There is increased abdominal muscle activity during 
E Postoperative atelectasis and pneumonia
Patients who develop postoperative pulmonary complications have a relatively greater reduction of FRC, VC and PaO2 than those who do not, 9~''~ and have higher CC/FRC ratios. 1~ The restoration follows the same pattern as that noted in patients who do not develop pulmonary complications. The timing of reduced FRC suggests that preventive steps must be taken early. Active lung expansion and postoperative analgesics are two specific measures that are instituted in an attempt to prevent PPC by restoring FRC and VC.
The efficacy of deep breathing and coughing, incentive spirometry (IS) and continuous positive airway pressure (CPAP) by mask in restoring FRC and VC and preventing PPC was recently reported. The rate of restoration of FRC and of VC following abdominal surgery is the same for all three types of therapy, io5 In spite of frequent sessions, the rate of restoration is not faster than usual. Three per cent of the patients in that study developed pneumonia and 35% developed radiological atelectasis. The rate of restoration following thoracotomy for cardiac operations is even slower, again without any net advantage for one form of therapy over the others, io6 As would be expected, radiological atelectasis was present in the majority and most developed pleural effusions. This explains the very slow increase in FRC and VC. These two studies lead to the following two conclusions.
FIRST
Although some form of therapy is required, ,07 no clear advantage for one form has been demonstrated because the overall pulmonary complication (rate 22%) was equally distributed between treatment groups, t~ The intensity and frequency of sessions is more critical than the form of therapy.
SECOND
The rate of restoration of lung function is not affected by the type of therapy.
These methods of lung expansion obviously do not reverse the process. It is, therefore, quite likely that the reflex inhibition is unaffected by these lung expansion methods. The reflex inhibition may be voluntarily overridden . 96 The restoration of lung function by epidural analgesia is limited. 94'95 There is no difference in serial measurements of vital capacity and blood gases between epidural analgesia and parenteral morphine after abdominal cancer operations. ,os The complication rate (atelectasis and pneumonia) is the same for the two methods of analgesia. 108 The results following thoracic operations are different. Vital capacity and PaO2 improve more quickly with epidural morphine than with systemic morphine. ,o9 Postoperative atelectasis and pneumonia are markedly fewer when epidural narcotics are used for post-thoracotomy analgesia.tl~ This study did not include patients who had had open heart or oesophageal surgery. The clear advantage of epidural analgesia is probably due to the lack of reflex inhibition of the diaphragm that is present after abdominal or thoracoabdominal surgery.
Summary
Postoperative pulmonary dysfunction is due to incisional pain and reflex diaphragmatic dysfunction. The restoration of FRC and VC by epidural analgesia and active lung exansion is not complete and is limited. Epidural analgesia following pulmonary surgery reduces the incidence of pneumonia.
IV Summary and Discussion
The FRC is reduced upon assuming the supine position and following induction of general anaesthesia. The degree of change is primarily determined by body build. The results of these sequential reductions in FRC are reduced mechanical efficiency of ventilation and an enlarged P(A-a)O2 due to compression atelectasis, increased mismatching of ventilation:perfusion and the effects of airway closure. These changes are unavoidable. But the effects on oxygenation can be reduced by choosing appropriate ventilator settings and inspired 02 concentrations. There is a strong suggestion that oxygen enriched air is better than nitrous oxide:oxygen for patients with COPD. This needs confirmation. There is no definite information on whether the uptake and elimination of general anaesthetics are influenced by reduced FRC. The changes in the length (elongation) and position (anterior displacement) of the larynx are important determinants of difficult intubations. The effects of general anaesthesia on the upper airway is currently being investigated. Soon, but not immediately, after operation the FRC is reduced by an entirely different mechanism from that causing the reduction during anaesthesia. Pain (incisional and visceral) and reflex inhibition of the diaphragmatic activity cause specific changes in breathing pattern, lung mechanics, mucociliary clearance, and gas exchange. These changes are unavoidable and lead to hypoxaemia, retention of secretions, atelectasis and pneumonia if added infection occurs. Specific measures designed to counteract the effect of these changes (such as epidural analgesia and active lung expansion) do not completely reverse the changes, nor do they eliminate the incidence of postoperative atelectasis and pneumonia. The neural pathway for the reflex diaphragmatic dysfunction is not clear, is probably not a single pathway, and may involve both the autonomic and peripheral nervous systems. Identification of that pathway(s) would be very useful.
